. When the erally thought to be processes independent of electrical netrin-1 concentration was lowered to 1 g/ml (correactivity (Shatz and Stryker, 1988; Goodman and Shatz, sponding to about 1 ng/ml at the growth cone) (Ming et 1993). However, recent findings have shown that electrial., 1997b), no turning response was observed (Figure cal activity is required for growing thalamic axons to 1B). However, when a 16-20 hr culture was first exposed reach their appropriate cortical target area (Catalano to pulsatile electrical stimuli (duration 2 ms, 10 pulses and Shatz, 1998) and for axons of cortical pyramidal at 2 Hz; see Experimental Procedures), which were caneurons to form layer-specific connections (Dantzker pable of triggering action potentials in the neuron, the and Callaway, 1998). Furthermore, some peripheral olgrowth cone exhibited marked attractive turning in the factory projections are affected in mice deficient in a same gradient produced by the low dose of netrin-1 cyclic nucleotide-gated channel subunit, suggesting ( Figure 1C) . Thus, electrical stimulation had enhanced that path finding of these axons is in part influenced by the sensitivity of the growth cone to netrin-1. odorant-dependent activity (Zheng et al., 2000) . In order The response of these Xenopus growth cones to a to test directly the effect of electrical activity on the netrin-1 gradient undergoes marked developmental guidance behavior of the nerve growth cone in a conchanges, a phenomenon similar to that previously detrolled environment, we examined the response of the scribed for the effects of brain-derived neurotrophic facgrowth cone of cultured Xenopus spinal neurons to mitor (BDNF) (Wang and Zheng, 1998). As shown in Figure  1D , the netrin-1 gradient (5 g/ml in the pipette) induced repulsive turning responses of growth cones of young 
same gradient caused attractive turning of growth cones Hz) was initiated at the soma by injection of depolarizing current pulses, the growth cone of young neurons exhibin 16-20 hr cultures ( Figure 1A ). In contrast, when 6-10 hr cultures were electrically stimulated (10 pulses at 2 ited attractive turning toward the netrin-1 source (Figures 2C and 2D) , with a mean turning angle of 31.6Њ Ϯ Hz) prior to the application of the netrin-1 gradient, these young neurons exhibited attractive turning responses 10.3Њ (SEM, n ϭ5). Furthermore, we noted that the resumption of filopodial motility was greatly enhanced by ( Figure 1E ). Thus, electrical activity had converted the repulsive effect of netrin-1 on these young neurons to electrical stimulation. attraction.
The electrical stimulation applied to the culture inModulation of Responses Induced by rMAG duced a transient depolarization of the neuronal memand Myelin brane, as indicated by the twitch contraction of nerveThese cultured Xenopus neurons are also sensitive to contacted myocytes in these cultures and by direct other guidance factors, including MAG (Song et al., whole-cell recording of the neuronal membrane poten-1998), a component of the myelin membrane that inhibits tial during the stimulation. That action potentials inaxon regeneration (McKerracher et al., 1994). We found duced in the soma are sufficient to alter the turning that the repulsive turning responses of the growth cone responses of the growth cone was further tested by (16-20 hr cultures) in a gradient of soluble recombinant direct electrical stimulation of the neuron (in 6-10 hr in MAG (rMAG; 150 g/ml in the pipette) was converted culture) at the soma with a perforated-patch recording to attraction by a brief period of electrical stimulation electrode. In most cases, the seal formation and perfora-(10 pulses at 2 Hz) ( Figure 3A) . The electrical stimulation tion of the membrane patch resulted in retraction of the used in this study had no obvious deleterious effect on growth cone, with a disappearance of filopodia (Figures these Xenopus neurons. In addition to the population 2A and 2C). However, within 10-20 min, some growth studies described previously in this article, we examined cones recovered their motility and resumed active filothe growth cone-turning behavior of the same neuron podial protrusion. Control neurons (in 6-10 hr in culture) before and after the electrical stimulation. In 5/6 neuunder perforated patch recording in the absence of inrons, we found that the growth cone exhibited repulsive duced action potentials showed repulsive turning away turning away from the source of rMAG prior to the stimufrom the netrin-1 source (5 g/ml in the pipette), with a lation and attractive turning immediately following the mean turning angle of Ϫ19.0Њ Ϯ 7.7Њ (SEM, n ϭ 5; Figure  2B ). In contrast, when a train of six action potentials (at 2 stimulation ( Figures 3B and 3C) . Similar "dual"-turning assays were also performed for netrin-1-induced repulses at 2 Hz). This suggests that neuronal responses to other inhibitory factors associated with the myelin sponses in young neurons (6-10 hr cultures), which showed conversion from repulsion to attraction in 3/3 membrane can also be modulated in a similar manner as that of MAG-induced responses. Furthermore, as neurons examined (data not shown).
In addition to MAG, which is only one of the inhibitory shown in Figure 4 , the repulsive turning in the myelin gradient was converted to attraction by bath application factors associated with myelin (Schwab et et al., 2000) . The underlying mechanisms for these effects of electrigroup I cues (Song and Poo, 1999) . Surprisingly, electri- 
